Transcription of coregulated genes occurs in the context of long-range chromosomal contacts that form multigene complexes. Such contacts and transcription are lost in knockout studies of transcription factors and structural chromatin proteins. To ask whether chromosomal contacts are required for cotranscription in multigene complexes, we devised a strategy using TALENs to cleave and disrupt gene loops in a well-characterized multigene complex. Monitoring this disruption using RNA FISH and immunofluorescence microscopy revealed that perturbing the site of contact had a direct effect on transcription of other interacting genes. Unexpectedly, this effect on cotranscription was hierarchical, with dominant and subordinate members of the multigene complex engaged in both intra-and interchromosomal contact. This observation reveals the profound influence of these chromosomal contacts on the transcription of coregulated genes in a multigene complex.
INTRODUCTION
Transcription is replete with proximal and distal chromatin looping interactions whose formation represents the basic organizing principle of nuclear architecture and gene activity (Miele and Dekker, 2008; Palstra et al., 2008; Tan-Wong et al., 2012) . Loop-mediated chromosomal contacts are usually identified on a genome-wide scale using population-based ''chromosome conformation capture'' (3C) technologies (Dekker et al., 2002; Fullwood et al., 2009; Lieberman-Aiden et al., 2009; Li et al., 2012) . Analyses of 3C-based data reveal a large heterogeneity in global chromatin interactions (Fullwood et al., 2009; Noordermeer et al., 2011; Li et al., 2012) . Therefore, interacting DNA elements identified by 3C-based technologies are verified at the single-cell level using fluorescent in situ hybridization (FISH) assays (Schoenfelder et al., 2010; Papantonis et al., 2012) . These highly sensitive assays can target either DNA or nascent mRNA and have revealed the colocalization between FISH foci in a fraction of the population (Schoenfelder et al., 2010; Papantonis et al., 2010) . This suggests that a subset of cells within the population may be enriched for specific chromosomal interactions. Chromosomes are large and constrained in their ability to roam the entire nuclear volume (Strickfaden et al., 2010; Barbieri et al., 2013) . Thus, it is reasonable to surmise that the topological arrangements after each cellular division shuffle chromosomal proximities such that their threedimensional (3D) arrangements are altered in one-dimensional (1D) space (Gibcus and Dekker, 2013) . This may lead to every cell in the population possessing unique spatial arrangements of its chromosomes (Orlova et al., 2012) .
Enhancer-promoter interactions utilize chromatin looping to trigger dynamic changes in transcription initiation (Osborne et al., 2004; Deng et al., 2012 ). An example of this is the wellestablished model between the locus control region (LCR) and the promoter of the b-globin gene (Osborne et al., 2004) . In a tissue-specific manner, the LCR has been shown to physically contact the promoter of the b-globin gene and initiate transcription . These LCR-mediated chromosomal interactions have been shown to result in variability in b-globin gene transcript levels or variegated gene expression across the population (Noordermeer et al., 2011) . In an otherwise identical population of cells, presumably through chromosomal interactions, such ''jackpot'' cells display higher levels of b-globin transcription (Noordermeer et al., 2011) . Accordingly, the specific set of chromosomal interactions (and consequent gene expression that may depend on LCR-mediated interactions) will vary between cells across the population (Strickfaden et al., 2010) . This heterogeneity reveals the absolute requirement of singlecell analysis in global interactome and gene loop studies.
Looping also brings distal genes into close proximity, enabling chromosomal contact in ''multigene complexes'' at a single focus of multiple RNA polymerases (Schoenfelder et al., 2010; Papantonis et al., 2012; Li et al., 2012) . Numerous studies have demonstrated that the formation of loop-mediated contact coincides with alterations in gene expression (Spilianakis et al., 2005; Apostolou and Thanos, 2008; Fullwood et al., 2009; Schoenfelder et al., 2010) . Indeed, chromosomal contacts in multigene complexes appear to be the main modality of transcription in metazoan cells, as they are associated with >95% of transcriptional activity Sandhu et al., 2012) . In a comparable manner to enhancer-promoter interactions, specific chromatin interactions in multigene complexes are detected in a subset of cells within the population (Schoenfelder et al., 2010; Papantonis et al., 2010) . Genome-wide chromatin interaction analysis with paired end tags (ChIA-PET) uncovered a multigene complex, including the GREB1 locus and three other genes . Of the four interacting genes, only GREB1 transcription is activated by the estrogen receptor-a (ERa) . Intriguingly, despite the fact that this multigene complex may not assemble in every cell in the population, siRNAs targeting ERa disrupted all four interacting genes . Therefore, even though these chromosomal contacts may only occur in a fraction of the population, they clearly play a significant role in gene regulation. Moreover, this data supports a model of synergistic transcription in which chromosomal contact influences the transcription of the interacting genes. This would connote that the topological framework for transcriptional regulation is physical contact via chromosomal looping in multigene complexes.
Current siRNA and 3C-based experimental approaches cannot be applied to multigene complexes in which all interacting genes are activated by the same transcription factor. Tumor necrosis factor alpha (TNFa) has been shown to induce the formation of such multigene complexes in which all interacting genes are activated by NF-kB . Ten minutes after TNFa stimulation, the promoters of genes located on the same chromosome (SAMD4A and TNFAIP2) and on a different chromosome (SLC6A5) associate to form part of a NF-kB-dependent multigene complex (Papantonis et al., 2010) . RNA FISH assays targeting the approximate sites of interaction identified by 3C suggest an association between the formation of this NF-kB-regulated multigene complex and the cotranscription of interacting genes (Papantonis et al., 2010) . However, both 3C and FISH approaches fail to reveal the necessity of chromosomal contacts for cotranscription of these interacting genes. Therefore, to accurately interrogate a model of synergistic regulation, a discrete perturbation of a single site within a gene loop while monitoring the transcriptional status of other members of the multigene complex is required. Importantly, owing to variegated gene expression (Noordermeer et al., 2011) , this can only be achieved with a single-cell approach.
Here, we devise a single-cell strategy using TALE nucleases (TALENs) to discretely perturb sites within gene loops that are established to engage in chromosomal contact in the wellcharacterized NF-kB-regulated multigene complex (Papantonis et al., 2010) . This enabled us to address the long-standing question of the requirement of loop-mediated contact for transcriptional coregulation in a multigene complex. Using RNA FISH and immunofluorescence (IF), we imaged the site of the disrupted loop simultaneously with the transcriptional activity of other interacting genes in the NF-kB-regulated multigene complex. This unique single-cell perspective revealed that perturbing loop-mediated contact between the NF-kB-regulated genes altered the transcriptional status of interacting genes. In addition, this effect on cotranscription was hierarchical, with dominant and subordinate members of the multigene complex engaged in intrachromosomal contact at distances >48 Mbp, as well as interchromosomal interactions. Furthermore, restoration of a disrupted gene loop re-established both chromosomal contacts and transcription of interacting genes in a sequenceindependent manner. The unexpected hierarchical organization within the TNFa-induced multigene complex reveals the unprecedented level of influence of these chromosomal contacts on the transcription of coregulated genes in a multigene complex.
RESULTS
The Transcriptional Response of Coregulated Genes in a Multigene Complex Is Asymmetric TNFa has been shown to rapidly and synchronously shape the transcriptional response in early passage human umbilical vein endothelial cells (HUVECs) by systematically inducing the formation of a large variety of different multigene complexes . Interacting genes in TNFa-induced multigene complexes are activated by NF-kB (Papantonis et al., 2010) . The SAMD4A, TNFAIP2, and SLC6A5 genes associate in a NF-kBdependent multigene complex ( Figure 1A ), which has been extensively characterized by 3C, 4C (3C capture-on-chip), tiling microarray, and FISH and thus is an ideal model to interrogate the role that chromosomal contacts play in cotranscription at a single-cell level (Wada et al., 2009; Papantonis et al., 2010; Papantonis et al., 2012) . HUVECs were arrested in the G0 phase of the cell cycle by serum deprivation . Importantly, the transcription of SAMD4A, TNFAIP2, and SLC6A5 is rapidly induced 10 min post-TNFa stimulation ( Figure 1B ; Papantonis et al., 2010) . Concurrent to their expression at 10 min, prior 3C data, including our own (data not shown; Papantonis et al., 2010) , indicate that chromosomal contacts between these genes occur at sites $1.5 kbp downstream of the TSS (Figure 1B) . To interrogate whether the formation of these contacts is associated with cotranscription, we designed RNA FISH probes to target the intronic sites where these contacts occur 10 min post-TNFa treatment ( Figure 1B ). As these introns are typically spliced and degraded cotranscriptionally (Wada et al., 2009) , these probes label the transcriptional start site (TSS). Each set of gene-specific RNA FISH intronic probes was conjugated to spectrally distinct fluorophores. By simultaneously performing RNA FISH on the three NF-kB-regulated genes, we were able to investigate the frequency of cotranscription across a population of cells. Consistent with previous studies (Papantonis et al., 2010 , analysis of overlapping RNA FISH foci revealed colocalized foci in only a fraction of all alleles in the total population ($5%) ( Figure 1B ). Chromosomal interactions between transcribed genes have been shown to occur at discrete foci of active RNA polymerase II (RNA Pol II) (Pombo et al., 1999; Schoenfelder et al., 2010) , as well as at nuclear speckles (Brown et al., 2008) . Overlapping SAMD4A, TNFAIP2, and/or SLC6A5 RNA FISH foci consistently colocalize with the active, poised form of RNA Pol II (phosphorylated at Ser5) (Figure S1A available online) . Collectively, these data suggest that the cotranscription of these genes at RNA Pol II foci may only occur in a small fraction of the HUVEC population.
Chromosomes in primary cells occupy distinct territories in the nucleus (Levesque and Raj, 2013) . As HUVECs are primary cells, The promoters of genes located on the same chromosome (SAMD4A and TNFAIP) and on a different chromosome (SLC6A5) associate via RNA Pol II (orange) to form part of a NF-kB-dependent multigene complex. BMP4 and RCOR1 are nonresponsive to TNFa and do not interact with SAMD4A (blue), TNFAIP2 (green), or SLC6A5 (red); therefore, they serve as controls in this study. they always display two spatially distinct DNA FISH foci, both before and after TNFa treatment ( Figure S1B ). Within territories, chromosomes are segregated further into topologically associating domains (TADs) Dixon et al., 2012) . As a consequence of this compartmentalization, interacting genes in multigene complexes may be confined within much smaller genomic neighborhoods. By simultaneously performing DNA FISH on these three coregulated genes, we were able to investigate whether the DNA of these three genes were in close vicinity prior to activation by TNFa. Interestingly, analysis of overlapping DNA FISH foci revealed proximal foci in both the unstimulated and the TNFa-treated HUVEC population ( Figure S1C ). This data suggests that, in a fraction of the HUVEC population, the DNA of the SAMD4A, TNFAIP2, and SLC6A5 genes may be constrained within a TAD prior to TNFa induction.
Through an enrichment of chromosomal interactions in TADs and higher levels of transcription, ''jackpot'' cells may contribute to variable, or stochastic, effects in gene expression (Noordermeer et al., 2011) . As these NF-kB-regulated genes respond stochastically to TNFa (Papantonis et al., 2010) , we assessed the monoallelic and biallelic expression of the three genes. Nine of the 33 possible phenotypes were observed in the majority of the population ($84%) ( Figure 1C ). With the exception of cells displaying no foci ($29%), all cells in this category displayed either a single or dual SAMD4A foci. With respect to the individual expression of each of the three genes, not all cells respond similarly to TNFa, with approximately half of the alleles expressing SAMD4A, a lower proportion expressing TNFAIP2, and approximately one-fifth expressing SLC6A5 ( Figure 1C ). As chromosomal contact occurs between these three genes (Figure 1B; Papantonis et al., 2010) , the asymmetric transcriptional response of these genes to TNFa suggests a hierarchical regulation in the assembly of this multigene complex. Supporting this hypothesis, TNFAIP2 transcription occurs predominantly when SAMD4A is also transcribed ($86%), and SLC6A5 transcription occurs mainly when SAMD4A ($92%) or both SAMD4A and TNFAIP2 are transcribed ($62%) ( Figure 1C ).
As SAMD4A, TNFAIP2, and SLC6A5 are not always coexpressed ( Figure 1C ), we also represented the colocalization frequencies relative to cells coexpressing SAMD4A, TNFAIP2, and/or SLC6A5 ( Figure 1D ). Allelic coexpression analyses between the three genes revealed that coexpression of SAMD4A and TNFAIP2, as well as triple expression of the three genes, was most prevalent across the population ($12% and $14%, respectively) ( Figure 1D ). SLC6A5 was rarely expressed ($4%) in the absence of TNFAIP2 expression at the corresponding allele ( Figure 1D ). Moreover, cotranscription of TNFAIP2 and SLC6A5 in the absence of SAMD4A transcription was extremely rare ($1%) ( Figure 1D ). This provides further evidence for a relationship between the transcriptional status of SAMD4A and the transcriptional activation of TNFAIP2 and SLC6A5. With respect to coexpressed alleles, SAMD4A and TNFAIP2 were colocalized at $26% of coexpressed alleles (3% in the total population [T/P]), whereas SAMD4A, TNFAIP2, and SLC6A5 were colocalized at $40% of all coexpressed alleles (5% in the T/P) (Figure 1D) . Collectively, these data suggest a hierarchical mode of regulation between these genes, in which chromosomal contact favors cotranscriptional activation.
Visualization of TALEN-Mediated Gene Loop Disruption
Hierarchical regulation dependent upon chromosomal contact was revealed in the GREB1 multigene complex . qPCR analysis revealed that siRNAs targeting ERa not only disrupted GREB1 transcription, but also were sufficient to cause a >2-to 4-fold reduction in the transcription of interacting members. siRNA approaches cannot be applied to the TNFa-induced multigene complex, as these three genes are transcriptionally activated by NF-kB (Papantonis et al., 2010) . Toward this end, we developed a single-cell assay allowing for the discrete disruption of individual gene loops at the sites of chromosomal contacts ( Figure 1B ). In parallel, to decrypt the role of a single individual gene loop on cotranscription in the same multigene complex, we visualized transcriptional activity of other genes in the multigene complex using highly sensitive RNA FISH (Figure 1B; Raj et al., 2008) . We constructed our microscopy-based assay upon TALENs, the orthogonal and robust well-established genome editing tool derived from TAL effectors of Xanthomonas sp. (Christian et al., 2010 , Li et al., 2011 . Within the TALE structure, a central repeat domain mediates highly specific DNA recognition (Boch et al., 2009; Moscou and Bogdanove, 2009; Christian et al., 2010) . Fusion of this domain to FokI endonuclease enables TALENs to induce site-specific double-strand breaks (DSB) (Christian et al., 2010 , Li et al., 2011 . As the TALENs used in this study induce a DSB at the approximate site of chromosomal contact that occurs 10 min post-TNFa treatment (Figure 2A) , we reasoned that, should loop-mediated contact be required for cotranscription, the DSB would serve to rupture chromosomal contact between these genes. To ascertain whether the TALEN had successfully disrupted a gene loop, we stained for induction of a DSB using histone variant H2A.X (Figures S2A and S2B) . Rapidly phosphorylated at Ser139 within minutes following DNA rupture, this modification persists throughout the entire DNA repair process (Rogakou et al., 1999) . To initially test our TALEN system and its ability to disrupt a single gene loop and concurrent assembly of the multigene complex, we introduced into HUVECs, by high-efficiency microporation, our TALEN vectors that were able to disrupt the gene loop of the longest of the three genes, SAMD4A. We used (B) Chromosomal contact in a multigene complex is associated with cotranscription. Spectrally distinct RNA FISH intronic probes targeting the region of these genes involved in chromosomal contact reveal colocalization of nascent intronic RNA, as visualized by overlapping foci. Two-tailed Fisher's exact test; ***p = 4.5 3 10 À4 ; n, number of alleles.
(C) The response to TNFa is asymmetric in diploid HUVECs. Allelic expression of each gene in the population of cells is shown. TNFAIP2 transcription occurs predominantly when SAMD4A is also transcribed ($86%), and SLC6A5 transcription occurs mainly when SAMD4A ($92%) or both SAMD4A and TNFAIP2 are transcribed ($62%). N, number of cells (N = 166); n, number of alleles (n = 332).
(D) Data in (C) was replotted to show the combined allelic transcriptional status of SAMD4A, TNFAIP2, and SLC6A5 in the total population (T/P). Colocalization frequencies relative to cells coexpressing SAMD4A, TNFAIP2, and/or SLC6A5 are also shown. n, number of alleles; scale bar, 5 mm. See also Figure S1 .
H2A.X staining of DSBs to carefully establish a time course of TALEN activity (also a measure of transfection efficiency), noting that nuclease activity was first evident after $6 hr and was sustained until $48 hr ( Figure S2B ). We chose to assay for nuclease activity after 24 hr, as there were high levels of DSBs and low levels of cytotoxicity at this time point. Discrete sites of H2A.X phosphorylation were evident in $60% of cells 24 hr posttransfection, with a higher proportion of these cells displaying single allelic DSBs and fewer cells displaying dual allelic DSBs (Figure 2B) . The high specificity of the SAMD4A TALEN was demonstrated by the consistent colocalization of SAMD4A DNA with the DSB, visualized by DNA FISH ( Figure 2C ). TALEN cleavage efficiency was further supported by the results of ''surveyor assays'' ( Figures 2D and S2C ). Thus, we were able to assay uniquely for the disruption of the SAMD4A gene loop in its native environment at a single cell level.
TALEN-Mediated Disruption of a Gene Loop Abrogates RNA and Protein Expression
Upon stimulation by TNFa, RNA Pol II engages the SAMD4A promoter, triggering a wave of transcription that propagates down the gene (Wada et al., 2009) . RNA FISH tiling array analysis revealed that the transcriptional cycle takes $85 min (Wada et al., 2009 ). Accordingly, RNA transcribed $1.5 kbp downstream of the TSS appears within 10 min (probe set i, Figure 3A ) and $34 kbp into intron 1 after 30 min post-TNFa stimulation (probe set ii, Figure 3B ). Importantly, the DSB induced by the SAMD4A TALEN occurs at a site between these two regions where different sets of intronic RNA FISH probes bind. HUVECs were dual transfected for 24 hr with the SAMD4A TALENs and exposed to TNFa for 10 min. This recapitulated SAMD4A transcriptional activity, allowing for the first $1.5 kbp of SAMD4A to be transcribed. By using RNA FISH to monitor intronic RNA transcription 10 min post-TNFa stimulation, SAMD4A transcription was frequently detected ($42%), either overlapping or in close proximity to the DSB ( Figure 3A) . Thus, these data indicate that, despite disrupting the SAMD4A gene loop, the DSB did not appear to influence the ability of RNA Pol II to access the SAMD4A promoter, permitting transcriptional initiation and elongation up to the DSB. The half-life of SAMD4A intronic RNA transcripts transcribed at 10 min is between 3 and 6 min . Consequently, RNA transcripts transcribed downstream of the TSS at 10 min have degraded by the 30 min time point. In a separate experiment, dual-transfected HUVECs were stimulated with TNFa for 30 min to allow for the first $34 kbp of SAMD4A to be transcribed ( Figure 3B) . Notably, the TALENinduced perturbation was able to abrogate transcription of SAMD4A in this region, as no transcription of the intronic region of SAMD4A was ever evident beyond the DSB ( Figure 3B and Supplemental Note 1 in the Extended Experimental Procedures). IF in untransfected cells revealed that TNFa induction resulted not only in the robust transcription of members of the multigene complex, but also in an increase in protein expression ( Figure 3C ). Consistent with the ability of the TALEN to abrogate transcription, there was a significant reduction in SAMD4A protein expression in cells harboring dual allelic DSBs as detected by IF, whereas cells harboring single allelic DSBs were still able to express SAMD4A protein presumably from the intact allele (Figure 3C) . Overall, this robust assay offered an unprecedented perspective into the dynamics of TALEN activity, transcriptional status of the targeted gene, and related protein levels at singlecell resolution. Importantly, the observed disruption in SAMD4A RNA ( Figure 3B ) and protein expression ( Figure 3C ) strengthened our assay, as it validates that the DSB occurs at the intended site of TALEN activity where H2A.X staining occurred.
TALEN-Mediated Disruption of a Gene Loop Abrogates Transcription of Interacting Members
Satisfied that our TALEN assay was able to discretely disrupt SAMD4A at the site that engages in chromosomal contact, we repeated the prior experiment with an important modification. We used RNA FISH to visualize transcription of two other interacting genes that engage in intra-and interchromosomal contact with the region of SAMD4A that had been disrupted. By simultaneously monitoring SAMD4A gene loop disruption, as well as transcription of additional members of this multigene complex, we were able to discretely interrogate the effect of the disrupted SAMD4A gene loop on the transcriptional status of two other members of the complex. First, to exclude the possibility that the DSB was capable of inducing cell-cycle arrest, thereby altering global transcription, we designed a TALEN to rupture BMP4, a non-TNFa-responsive gene, located $600 kb 5 0 of SAMD4A on chromosome 14 (Figure 4A) . We observed no change in the transcription of any of the three members of the multigene complex relative to the normal TNFa-induced transcriptional response ( Figure 1C) . Therefore, inducing a DSB 5 0 of SAMD4A has no effect on transcription of members of the multigene complex.
We then monitored the effects of perturbation of the chromatin loop of SAMD4A at its first intron. We observed a significant reduction of transcription of TNFAIP2 and SLC6A5 at the SAMD4A TALEN-induced DSB ( Figure 4B ). In cells in which a single allele of SAMD4A was targeted, virtually all transcription of TNFAIP2 and SLC6A5, as assessed by RNA FISH, was lost at the corresponding allele or DSB, with multigene transcription confined to the intact allele ( Figure S3A ). Importantly, as the SAMD4A protein is still observed in cells harboring a single allelic DSB ( Figure 3B and Supplemental Note 2 in the Extended Experimental Procedures), this observation excludes the possibility that the SAMD4A protein is required for the transcription of TNFAIP2 and SLC6A5. Supporting the observed reduction in transcription at single allelic DSBs, in cells in which both SAMD4A alleles were targeted, virtually all transcription from TNFAIP2 and SLC6A5 was lost at both alleles ( Figure S3 ). Furthermore, protein levels of TNFAIP2 and SLC6A5 were also severely reduced, as assessed by IF, in cells in which both SAMD4A alleles were successfully targeted ( Figure S4) . Hence, in a manner analogous to GREB1 , SAMD4A appeared to be influencing the transcription of other coregulated and interacting genes within the same multigene complex.
We sought to determine whether the loss of transcription of TNFAIP2 was due to the DSB abrogating the transcription of genes located between SAMD4A and TNFAIP2 on chromosome 14. RCOR1 is a gene located 400 kb 5 0 of TNFAIP2 and displays transcriptional activity comparable to GAPDH . We repeated the TALEN-mediated disruption of SAMD4A gene loop while monitoring transcription of RCOR1 ( Figure S5 ). Transcription remained unaffected at the RCOR1 locus (Figure S5 ). This observation concurred with the hypothesis that loop-mediated chromosomal contact of SAMD4A specifically impacts the transcription of other members of the multigene complex but has no effect on genes outside of the complex. This extended to genes on the same chromosome that were interspersed between two genes in the multigene complex.
We sought to determine whether the presence of other gene loops in the multigene complex were equally required for cotranscription, as all genes in the multigene complex were bound by the NF-kB transcription factor (Papantonis et al., 2010) . We hypothesized that, if gene loops were equally required for cotranscription, then the disruption of any other gene loop would have a similar effect to that observed for SAMD4A. Alternatively, an asymmetrical relationship between gene loops infers that the disruption of one gene loop may have no bearing on the transcriptional status of other genes in the complex. To differentiate between these two hypotheses, we designed TALENs targeted to TNFAIP2 and SLC6A5 ( Figure S6 ). The sites for these TALENs were identified by 3C (Papantonis et al., 2010) , indicating where the chromosomal contacts occurred between these genes. Using an identical approach to our initial assay, we delivered a TALEN to TNFAIP2 while monitoring transcription of SAMD4A and SLC6A5. The TNFAIP2 TALEN targets the site of chromosomal contact ($1.5 kbp downstream of the TSS), and our RNA FISH probes interrogated a region downstream of this site ( Figure S6A ). Remarkably, we observed that the disruption of the TNFAIP2 loop had no significant effect on SAMD4A transcription, yet transcription of both TNFAIP2 ( Figure S6B ) and SLC6A5 was reduced ( Figure 4C ). Transcriptional loss was observed at either a single or both targeted alleles ( Figure S3B ).
When we repeated the experiment with a TALEN targeting the SLC6A5 gene loop on chromosome 11 (Figure S6E ), the hierarchical effect was more pronounced, with transcription unaffected in both SAMD4A and TNFAIP2 (Figures 4D and S5C) . However, at all successfully targeted single and dual alleles of SLC6A5, transcription was lost ( Figure S6F ). This result lends credence to the hypothesis that the disrupted site of chromosomal contact precludes the ability of the gene loop to access critical transcriptional machinery due to a requirement for loopmediated chromosomal contacts. This unique single-cell perspective reveals a highly unexpected hierarchical organization within the TNFa-induced multigene complex, providing the first direct evidence that chromosomal contacts play a central role in supporting transcription and determining the hierarchy.
Disrupted SAMD4A Gene Loops Can Be Successfully Repaired If the integrity of the gene loop topology and chromosomal contacts was essential for cotranscription, then we hypothesized that restoring the chromosomal contacts would restore transcription of interacting genes in the multigene complex. DSBs are generally repaired in most cells by two highly conserved mechanisms: rapid but error-prone nonhomologous end-joining (NHEJ) or the slower but highly precise homology-directed repair (HDR) (Hoeijmakers, 2001 ). We generated a repair construct designed to span the SAMD4A TALEN target site in order to exploit HDR to restore SAMD4A gene loop integrity by inserting an exonic eGFP sequence into intron 1 of SAMD4A ( Figure 5A ). We included an internal ribosome entry sequence (IRES), as well as splice sites flanking the IRES-eGFP, to facilitate the cotranscriptional splicing and independent translation of the repair construct ( Figure 5A ). Once repaired, through the activation of SAMD4A, TNFa stimulation would then be able to induce SAMD4A/IRES-eGFP transcription. We used the identification of eGFP-positive cells to establish a time course for TNFa treatment. Due to HDR being rare and given that the IRES-eGFP is under the control of the endogenous SAMD4A promoter, we sought to enhance the efficiency of the repair. To ensure that equimolar quantities of both left and right TALENs were synthesized in the same cell throughout the DSB-induction process, we constructed a bidirectional TALEN system that is able to combine both targeting arms of the TALEN into a single bidirectional promoter plasmid (pDT; Figure 5B ). HUVECs dual transfected with the pDT and the repair plasmids demonstrated DSB to induce efficient HDR ( Figure 5B ) (Orlando et al., 2010; Bedell et al., 2012) . Notably, eGFP protein signal was observed in $1% of HUVECs dual transfected with the pDT plasmid and PCR product for 72 hr and stimulated with TNFa for 24 hr (Figure 5B) . However, eGFP mRNA transcripts, which can only arise following successful HDR, were observed in $10% of cells in the population ( Figure S7 ). Notably, eGFP-positive, or ''green,'' cells coincided with a large number of RNA FISH foci ( Figure S7 ). As the SAMD4A promoter does not constitutively express the IRES-eGFP mRNA, it is reasonable that very few cells in the population would transcribe sufficient IRES-eGFP mRNA to enable the detection of a green cell. Therefore, detection of IRES-eGFP mRNA was the more sensitive approach to identifying successful HDR and was used to interrogate the effects of a repaired gene loop.
Restoration of the SAMD4A Gene Loop Restores Transcription of Interacting Members in a SequenceIndependent Manner Satisfied that the repair experiment was fully functional, we sought to investigate whether the re-establishment of contact was sufficient to restore transcription of interacting genes. We stimulated HUVECs for 20 min with TNFa, recapitulating transcription of the first $1.5 kbp of SAMD4A and IRES-eGFP. We detected transcription of eGFP using RNA FISH probes that bind to its RNA ( Figures 6A and S7 ) and related the position of eGFP transcription to members of the multigene complex. Distinct eGFP foci were evident in $10% of transfected cells, and these foci overlapped with SAMD4A intronic mRNA (Figure 6A ). In the instances in which we had successful HDR-mediated repair, we observed no change in the transcription of TNFAIP2 and SLC6A5 relative to the normal TNFa-induced transcriptional response ( Figure 6B ). Moreover, there was no significant difference in the colocalization frequencies between eGFP/ SAMD4A, TNFAIP2, and SLC6A5 in the repaired and mocktransfected cells ( Figure 6B ). This result indicates that re-establishment of an intact SAMD4A loop, in a sequence-independent manner, restores chromosomal contacts as well as transcription of TNFAIP2 and SLC6A5 in this multigene complex.
DISCUSSION
Here, we show that disrupting sites within gene loops that engage in chromosomal contact significantly impacts the transcription of interacting genes in a multigene complex. We revealed this level of gene regulation by implementing a singlecell strategy that allows discrete perturbation within chromatin loops. Initial evidence for this regulation was our single-cellbased observation of the hierarchical transcriptional response of these three genes to TNFa induction ( Figure 1C ). Despite the clear asymmetric transcriptional response, colocalization of RNA FISH foci was only observed in a subset of the population ( Figure 1B ). The functional relationship between chromosomal contact and cotranscription of interacting members of a multigene complex remains opaque. However, if loop-mediated contact is indeed a prerequisite for cotranscription, the RNA FISH colocalization data suggest that only certain cells in the population may possess the correct spatial arrangements of their chromosomes to permit such regulation ( Figure 1B) . Such variegated gene expression is suggested to occur in TADs, highly conserved compartments within mammalian chromosome territories (Dixon et al., 2012) . We speculate that TADs may ensure robust SAMD4A, TNFAIP2, and SLC6A5 gene regulation by constraining these genes to areas permissible to long-range interactions (Figure 7) . Indeed, analysis of DNA in unstimulated HUVECs revealed that, despite occupying distal genomic locations, in a fraction of the HUVEC population, the SAMD4A, TNFAIP2, and SLC6A5 DNA are in close proximity prior to TNFa induction ( Figure S1C ). The enrichment of chromosomal interactions in these ''jackpot'' cells may contribute to hierarchical SAMD4A, TNFAIP2, and SLC6A5 gene expression. However, current biochemical and imaging technologies lack the spatiotemporal resolution to interrogate whether loop-mediated cotranscription between these genes can only occur in these ''jackpot'' cells or alternatively, given more time, whether these chromosomal interactions may occur in most cells across the population.
Chromosomal translocations are natural perturbations in chromosome structure that alter the spatial positioning of DNA within chromosome territories (Harewood et al., 2010) . Interestingly, these discrete perturbations in chromosome structure not only influence genes located near to the breakpoint, but also are sufficient to modify gene expression in cis and trans (Harewood et al., 2010; Levesque and Raj, 2013) . Therefore, through the repositioning of chromosomes and relocation of DNA into different TADs, translocations may alter transcription by disrupting intraand interchromosomal interactions. We were able to reveal that perturbing the SAMD4A gene loop has a direct effect on the transcriptional status of TNFAIP2 and SLC6A5 ( Figure 4B ). In addition, corresponding to the transcriptional response ( Figure 1C ), the effect on cotranscription was hierarchical, with the perturbation of TNFAIP2 altering SLC6A5 expression but having no influence on SAMD4A ( Figure 4C ). Furthermore, perturbing SLC6A5 did not impact either SAMD4A or TNFAIP2 transcription (Figure 4D ). This observation raises the question: if all of the factors necessary for transcription are present, why does transcription of these interacting genes not occur? A possible explanation is that the recruitment of the multitude of repair proteins to the DSB acts as an obstruction to the normal chromatin contacts between these gene loops. Alternatively, contacts between interacting genes may still be present but are ''bridged'' by the repair machinery. Although this bridging maintains the contact between gene loops, it is still inadequate for transcriptional activity to occur. It is important to note that the DNA of these three loci appear to be in close proximity in unstimulated HUVECs despite the absence of 3C contact (Papantonis et al., 2010) . Thus, it would be very difficult to definitively show that the disruption of a gene loop abrogates contact between other interacting genes, at least as measured by diffraction-limited colocalized DNA FISH foci. Another possible explanation could be that the DNA repair machinery is occluding the entry of RNA Pol II to the other interacting genes. However, the observed unidirectional loss of transcription between these three genes ( Figure 4 ) excludes this possibility. Thus, taken together, the most likely conclusion is that the DSB serves to disrupt chromosomal contact between interacting genes. The repair experiment reveals that restoration of an intact SAMD4A gene loop in a sequence-independent manner is sufficient to restore cotranscription, as well as colocalization, of TNFAIP2 and SLC6A5 ( Figure 6B ). Therefore, we speculate that, by disrupting chromosomal interactions, the topological framework (comprised of gene loops and RNA Pol II) is unable to assemble, thus disrupting transcription. Collectively, these data provide strong evidence that intact chromatin is a requirement for loop-mediated cotranscription.
One way that enhancer-promoter interactions are proposed to enhance transcription is by bringing protein complexes to the promoter Gibcus and Dekker, 2013) . In an analogous manner, through interchromosomal interactions, NF-kB has been shown to be delivered to the promoter of inducible genes (Apostolou and Thanos, 2008) . Similarly, we propose SAMD4A to be the dominant member of the NF-kB multigene complex that ''organizes'' transcription through loop-mediated contact. Recent published data in live cells reveals that RNA Pol II is mobile and clustering precedes transcriptional elongation and is linked to transcriptional initiation (Cisse et al., 2013) . Therefore, we speculate that the SAMD4A gene loop provides a topological platform that serves as a scaffold on which a focus of many RNA Pol II molecules can cluster and engage in transcription of subordinate members of the multigene complex. When TNFAIP2 or SLC6A5 cannot engage in chromosomal contact, their ability to access the focus of Pol II is limited. The strict hierarchical relationship between the interacting members further suggests a hand-off, or ''collector'' process, whereby dynamic chromosomal contacts with the dominant gene loop are formed (Figure 7 ). This could occur by a mechanism in which TNFAIP2, via chromosomal contact, collects its Pol II from an intact SAMD4A gene loop and, in turn, SLC6A5 from an intact TNFAIP2 loop. Therefore, these data argue neither in favor of nor against putative ''transcription factories'' as they are currently defined (Cook, 1999) but suggest that such factories may be dynamically assembled rather than immobile structures. A recent study revealed that sequences within the promoter might drive the colocalization between these NFkB-regulated genes (Larkin et al., 2013) . Therefore, an alternative model might involve sequencespecific elements within the promoters that facilitate the accumulation of different thresholds of general transcription factors for the three genes. Therefore, only upon the creation of a nuclear subcompartment of sufficient activity by SAMD4A can TNFAIP2 and then SLC6A5 be activated.
Our observation shifts the general paradigm of how transcriptional regulation in three dimensions occurs. Although these chromosomal interactions are rare and stochastic (Noordermeer et al., 2011) , our single-cell view strongly suggests that chromosomal contact between genes engaged in multigene complexes have a significant impact on cotranscription of interacting genes. Such long-range interactions of cotranscribed genes could serve to organize transcription in nuclear space, using hierarchical relationships between gene loops. Without gene loops of dominant members, subordinate members of the multigene complex cannot engage in long-range chromosomal contacts, nor can they participate in transcription. Finally, as looping enables stochastic chromosomal contact between genes in multigene complexes, this study provides supporting evidence to prior work showing that gene looping is a fundamental requirement of transcriptional activity (Tan-Wong et al., 2012) . Importantly, such chromatin looping within multigene complexes Sanyal et al., 2012; Djebali et al., 2012) may be governed by similar hierarchical regulation. Perturbation of members of multigene complexes-through knockouts, gene deletions, chromosomal translocations, or silencing of transcription factors, all of which disrupt loop-mediated contact-may inadvertently result in unintended consequences to transcription of other members of a given multigene complex.
EXPERIMENTAL PROCEDURES
Cell Culture Early passage HUVECs from pooled donors (Lonza) were grown to 80% confluence in EGM-2 media with supplements (Lonza), serum-starved in EGM-2 + 0.5% FBS, and treated with TNFa (10 ng/ml; Sigma) for up to 30 min.
TALEN Synthesis
TALENs were generated using the protocol by Sanjana et al., 2012 . HUVECs were then microporated with the respective TALENs using the Neon Transfection System (Life Technologies) according to the manufacturer's instructions. Nuclease activity was assessed by the surveyor assay and the consistent colocalization of DNA FISH with DSBs, as assessed by H2A.X immunofluorescence.
Surveyor Assay
Genomic DNA of transfected cells was extracted using QuickExtract DNA extraction solution (Epicenter). For the ''surveyor'' or T7E1 assay, DNA was denatured at 95 C for 5 min, slowly cooled down to room temperature to allow for TADs constrain genes to compartments in the nucleus that are admissible to long-range chromosomal interactions. Upon induction by TNFa, NF-kB-responsive genes engage in chromosomal interactions. As two of these genes reside on the same chromosome but almost 50 Mbp apart and another resides on a different chromosome, these interactions most likely occur within a TAD. Single-cell analysis 10 min post-TNFa stimulation reveals that the transcriptional response of interacting genes in a multigene complex is asymmetric ( Figure 1C ). Allelic analysis revealed that the following four categories were most prevalent: (a) no transcription of any gene, (b) SAMD4A expression only, (c) SAMD4A, SLC6A5, and TNFAIP2 combined expression, and (d) combined expression of SAMD4A and TNFAIP2. Despite the low frequency of these interactions ( Figure 1D ), disrupting the sites within the gene loops that engage in chromosomal contact revealed a hierarchical organization between interacting genes in this TNFa-induced multigene complex.
formation of heteroduplex DNA, treated with 5 U of T7E1 for 1 hr at 37 C, and then analyzed by 1.2% agarose gel electrophoresis.
RNA FISH Probes
RNA FISH was performed according to the protocol by Raj et al. (2008) using 48 20-mer probes (Biosearch). Following the conjugation reaction, probes were separated and purified to enrich for dye-conjugated probes by reverse-phase HPLC on a C18 column.
Immuno-RNA RNA FISH For each experiment, HUVECs on coverslips were grown to $80% confluence. Double-strand breaks were detected with rabbit polyclonal anti-phosphohistone H2A.X (Ser139) (Sigma). Goat polyclonal anti-SAMD4A C-15, mouse monoclonal anti-TNFAIP2 F-6, and goat polyclonal anti-SLC6A5/GLYT2 N-20 (Santa Cruz) were used to detect SAMD4A, TNFAIP2, and SLC6A5 proteins, respectively. For RNA FISH detection, cells were hybridized overnight in a humidified chamber at 37 C with 50 ng of RNA FISH probes.
Statistics p values from two-tailed unpaired Student's t test, Mann-Whitney U tests, and Fisher Exact tests were calculated using R (http://www.R-project.org). * p < 0.05, ** p < 0.01, and ***p < 0.001. 
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